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M aintaining glycemic values as close to the nondiabetic range as possible is effective in preventing or delaying long-term complications of type 1 diabetes mellitus, 1-3 but achieving near normoglycemia is challenging. Most patients are unable to meet glycemic targets [4] [5] [6] and have frequent episodes of hypoglycemia, which can be life-threatening. [7] [8] [9] [10] [11] The availability of accurate continuous glucose monitoring has made feasible the development of bionic endocrine pancreatic systems that are designed to improve glycemic control and reduce the burden on patients. Tests of glycemic regulation lasting 1 day or more with the use of such systems have been limited to tightly regulated inpatient settings. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In inpatient studies lasting 48 hours, we found that a single bihormonal control system, initialized only with the patient's weight, could automatically adapt insulin dosing to meet a broad range of insulin needs and effectively regulate glycemia in adults and adolescents with type 1 diabetes mellitus. 23, 25 However, the outpatient environment is more challenging, because large variations in meals and activity levels influence insulin requirements and increase the risk of hypoglycemia. Previous outpatient studies of single-hormone systems were limited to an overnight period without meals or exercise. 26, 27 Here, we present the results of two 5-day trials, one involving adults and one involving adolescents, in which we tested an autonomous, wearable, bihormonal, bionic pancreas in two distinct outpatient settings. These studies minimally constrained patients' behavior but allowed close observation for risk mitigation and high-density data collection.
Me thods

Study Patients
All patients had at least a 1-year history of type 1 diabetes mellitus and were receiving insulinpump therapy. Adults (in the Beacon Hill Study) were at least 21 years of age; adolescents (in the Summer Camp Study) were campers or counselors between the ages of 12 and 21 years. Other eligibility criteria are provided in the Supplementary Appendix, available with the full text of this article at NEJM.org.
Bionic-Pancreas Glycemic-Control system
Insulin and glucagon were administered by a fully automated, bihormonal, bionic pancreas ( Fig. S3 in the Supplementary Appendix) with the use of control algorithms similar to those described previously. 23, 25 The device consisted of an iPhone 4S (Apple), which ran the control algorithm, and a G4 Platinum continuous glucose monitor (DexCom) connected by a custom hardware interface. The user interface displayed the continuous-glucose-monitor tracing and insulin and glucagon doses, and allowed announcement of meal size as "typical," "more than usual," "less than typical," or "a small bite" and the meal type as "breakfast," "lunch," or "dinner." This triggered a partial meal-priming bolus, which automatically adapted insulin dosing to meet 75% of the 4-hour postprandial insulin need for that meal size and type. The first meal-priming bolus of each type was based on the patient's weight (0.05 U per kilogram). Insulin and glucagon were administered subcutaneously by t:slim infusion pumps (Tandem Diabetes Care), which were controlled wirelessly by the iPhone. The control algorithm received continuous glucosemonitoring data and commanded dosing every 5 minutes.
The system was initialized with the use of the patient's weight only; no information about the patient's usual insulin regimen was provided to the algorithm, which automatically adapted insulin dosing online. During operation, no input was provided other than meal announcements and continuous glucose-monitoring calibrations. If the sensor of the continuous glucose monitor failed, the bionic pancreas automatically delivered basal insulin on the basis of requirements determined by the control algorithm at that time on previous days and issued automatic correction doses of insulin or glucagon in response to any manually entered plasma glucose level as determined by fingerstick measurement (see the Methods section in the Supplementary Appendix). If there was a technical problem (e.g., a failed sensor or infusion set), the system regulated any glucose excursion automatically after the problem was resolved. (For details regarding the patients' technical problems with the device, see Fig. S4 to S55 in the Supplementary Appendix.) Patients were prohibited from taking acet-
Study Design
In a random-order, crossover design, patients received therapy with a bionic pancreas for 5 days and therapy with their own insulin pump for 5 days. The full study protocols are available at NEJM.org.
Adult Study
During the usual-care (control) period, patients in the adult study lived at home, carried out their usual activities, and managed their diabetes with their own insulin pump and, if desired, their own continuous glucose monitor. Patients wore a G4 Platinum continuous glucose monitor with alarms deactivated and glucose levels masked; it was calibrated with a point-of-care glucometer (HemoCue) twice daily. They kept a diary documenting hypoglycemic episodes, carbohydrate interventions, and exercise. Patients were given a food allowance and encouraged to eat restaurant meals.
During the bionic-pancreas period, patients were free to move about within an 8-km 2 (3-mi 2 ) area surrounding the Beacon Hill neighborhood in Boston and were accompanied by study staff members. Patients ate whenever and whatever they liked, primarily in restaurants; daily alcohol intake was limited to three drinks for men and two drinks for women. All patients had access to two gyms and could exercise at will. During nighttime hours (from 11 p.m. to 7 a.m.), patients stayed in a hotel and had their venous plasma glucose levels measured every 30 minutes (every 15 minutes when plasma glucose levels were <70 mg per deciliter [3.9 mmol per liter]) with an autosampling glucose monitor (GlucoScout, International Biomedical), which study staff monitored by means of telemetry. From 7 a.m. to 11 p.m., fingerstick plasma glucose levels were measured with the HemoCue every 2 hours, before meals, and every 30 minutes during exercise and if the patient had symptoms during a hypoglycemic episode. Fingerstick plasma glucose values were concealed from the patients except before meals, during exercise, and during hypoglycemic episodes with symptoms.
Patients could consume carbohydrates at will 
Study Outcomes
The prespecified coprimary outcomes for the adult study were the mean plasma glucose level (obtained every 2 hours) and the mean percentage of time that the patient had a low glucose level (<70 mg per deciliter) during the bionicpancreas period. The prespecified coprimary outcomes for the adolescent study were the average of scheduled plasma glucose levels and the mean percentage of time that these levels were below 70 mg per deciliter during the bionic-pancreas period and the control period. Prespecified secondary outcomes for both the adult and adolescent studies included the number of carbohydrate interventions for hypoglycemic episodes, the mean glucose level as measured with the use of continuous glucose monitoring, the time in clinically relevant glucose ranges, and the fraction of patients with a mean glucose level that was consistent with the therapeutic goals issued by the American Diabetes Association. 29 Owing to the adaptive nature of the bionic pancreas, we anticipated that outcomes on days 2 through 5 would be more representative of system behavior than those on day 1. Therefore, we prespecified analyses that compared day 1 with days 2 through 5 and that compared the bionic-pancreas periods and the control periods on days 2 through 5.
Study Oversight
The protocols were approved by the human research committee at Massachusetts General Hospital and the institutional review board at Boston University. All adult patients provided written informed consent. Adolescent patients provided written assent, with consent provided by a parent or guardian (see the Methods section in the Supplementary Appendix).
The first author holds a pending patent application for a blood-glucose-control system, assigned to Partners HealthCare and Massachusetts General Hospital, and the second and last authors hold a patent related to a fully automated control system for type 1 diabetes and pending patent applications related to a blood-glucosecontrol system, all assigned to Boston University.
Statistical Analysis
All data were included in the analyses, including data obtained during periods in which technical problems occurred with the bionic pancreas. Comparisons between study groups were performed with the paired-sample, heteroskedastic Student's t-test. The mean of daily differences was calculated as described previously. 30, 31 R esult s
Patients
A total of 52 patients participated in the two studies ( Fig. S1 and S2 in the Supplementary Appendix). The baseline characteristics of the patients are shown in Table 1 .
Outcomes in Adults
Plasma Glucose Level
The mean plasma glucose level over the entire 5-day period when the adults were wearing the bionic pancreas was 138 mg per deciliter (range, 116 to 166) (7.7 mmol per liter [range, 6.4 to 9.2]). Plasma glucose levels were below 70 mg per deciliter 4.8% of the time and below 60 mg per deciliter 2.3% of the time ( Table 2 ). The mean plasma glucose level overnight was 125 mg per deciliter (range, 97 to 169) (6.9 mmol per liter [range, 5.4 to Sex -no. 
9.4])
, with plasma glucose levels below 70 mg per deciliter 4.0% of the time and below 60 mg per deciliter 1.7% of the time (Table 2) . During 100 patient-days (5 days for the 20 patients) in the bionic-pancreas period, there were 43 carbohydrate interventions for hypoglycemia (1 every 2.3 days), as compared with 68 interventions reported by the patients during the control period (1 every 1.5 days) (P = 0.15).
Glucose Levels on Continuous Monitoring
The mean glucose level on continuous monitoring and the time within glucose ranges were similar to the outcomes for plasma glucose levels ( Table 2) . Because patients performed fewer fingerstick glucose tests during the control period than during the bionic-pancreas period, we also prespecified that comparisons between the bionic-pancreas period and the control period would be based on data from continuous glucose monitoring. There was less variation around the mean glucose level on continuous monitoring during the bionic-pancreas period than during the control period, particularly at night (Fig. 1A) . After automatic adaptation by the bionic pancreas, the mean (±SD) glucose level on continuous Table 2 and Fig. 2B ). Simultaneous reductions in the mean glucose level on continuous monitoring and the number of hypoglycemic episodes occurred on days 2 through 5 of the bionic-pancreas period, as compared with the control period (Fig. 3A) . During the bionic-pancreas period, all the patients had a mean glucose level of less than 154 mg per deciliter (8.5 mmol per liter) on continuous monitoring, a level that corresponds to a glycated hemoglobin level of 7%, 32 the therapeutic goal for adults recommended by the American Diabetes Association. 29 In contrast, only 9 of 20 patients had a mean glucose level on continuous monitoring that was below this threshold during the control period ( Fig. 3A and 4A ).
Insulin and Glucagon Doses and Other Outcomes
The total mean daily dose of insulin during the bionic-pancreas period was 0.66±0.23 units per kilogram per day (range, 0.33 to 1.02), which was higher than the total mean daily dose that was determined at screening (0.50±0.11 units per kilogram per day, P = 0.009) (Fig. 4B) . Among the 9 patients whose mean glucose level on continuous monitoring was below 154 mg per deciliter during the control period, there was no significant difference between the bionicpancreas period and the control period in either the mean total daily dose of insulin (P = 0.23) or the glucose level on continuous monitoring (P = 0.12). Among the other 11 patients, the mean total daily dose of insulin was 50% higher during the bionic-pancreas period than during the control period (P = 0.001); however, the glucose level on continuous monitoring was significantly lower during the bionic-pancreas period than during the control period (139 vs. 
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Figure 3. Distributions of Mean Glucose Levels and Hypoglycemia among Adults and Adolescents.
Panel A shows the mean glucose level in each adult on days 2 through 5 of the control period (red circles), which is connected to the corresponding mean glucose level during the bionic-pancreas period (black circles). The diameter of each circle is proportional to the percentage of time that the patient spent with a low glucose value (<70 mg per deciliter) on days 2 through 5. The dashed red line indicates a mean glucose threshold of 154 mg per deciliter, which corresponds to a glycated hemoglobin level of 7%, the upper limit of the therapeutic goal for adults as outlined by the American Diabetes Association. This goal was met in all patients during the bionic-pancreas period. Panel B shows a similar distribution for each of the adolescents, with a cutoff point for the mean glucose level of 168 mg per deci liter, which corresponds to a glycated hemoglobin level of 7.5%, as recommended for adolescents. The one patient in whom this level was not reached on days 2 through 5 had a mean glucose level of 148 mg per deciliter on days 3 through 5. In the two panels, the solid red line indicates the mean for all the patients in the study group. To convert the values for glucose to millimoles per liter, multiply by 0.05551. 
The New England
321
The mean carbohydrate consumption during the bionic-pancreas period was 261 g per day.
Patients announced approximately two thirds of their meals and snacks to the bionic pancreas. The mean percentage of insulin given as an automated, adaptive, meal-priming bolus was 29% of the daily total and 46% of the nonbasal insulin during days 2 through 5. The mean total daily dose of glucagon during days 2 through 5 of the bionic-pancreas period was 0.82±0.41 mg (range, 0.32 to 1.75).
There were 35 exercise episodes during the bionic-pancreas period and 18 exercise episodes during the control period; 5 of the former episodes and 3 of the latter episodes were associated with carbohydrate interventions. During the control period, 45% of patients used their own unmasked continuous glucose monitor, which is a higher rate of use than that in the general population of patients with type 1 diabetes. 32 During the bionic-pancreas period, the patients consumed an average of 1.14 alcoholic drinks per day (range, 0 to 2.4); 12 of the patients consumed an average of between 1 and 2 drinks per day, and 7 consumed an average of between 2 and 3 drinks per day. 
No. of Patients
14 10 12 8 6 2 4 0 9 2 -9 8 9 9 -1 0 5 1 0 6 -1 1 2 1 1 3 -1 1 9 1 2 0 -1 2 6 1 2 7 -1 3 3 1 3 4 -1 4 0 1 4 1 -1 4 7 1 4 8 -1 5 4 1 5 5 -1 6 1 1 6 2 -1 6 8 1 6 9 -1 7 5 1 7 6 -1 8 2 1 8 3 -1 8 9 1 9 0 -1 9 6 1 9 7 -2 0 3 2 0 4 -2 1 0 2 1 1 -2 1 7 2 1 8 -2 2 4 2 2
Outcomes in Adolescents
Plasma Glucose Level
On the basis of the six daily scheduled fingerstick measurements of plasma glucose levels, the mean level was 138±18 mg per deciliter (range, 101 to 185) (7.7±1.0 mmol per liter [range, 5.6 to 10.3]) in the bionic-pancreas group and 157±27 mg per deciliter (range, 103 to 221) (8.7±1.5 mmol per liter [range, 5.7 to 12.3]) in the control group (P = 0.004). The percentage of time with glucose levels below 70 mg per deciliter was similar during the two periods (6.1% vs. 7.6%, P = 0.23). During 160 patient-days (5 days for the 32 patients) in the bionic-pancreas period, there were 97 carbohydrate interventions for hypoglycemia (1 every 1.6 days), as compared with 210 interventions during the control period (1 every 0.8 days) (P<0.001).
Glucose Levels on Continuous Monitoring
The mean glucose level on continuous monitoring and the time within ranges were very similar to the outcomes for plasma glucose levels ( Table 2) . There was less variation around the mean value for the glucose level on continuous monitoring during the bionic-pancreas period than during the control period, particularly at night (Fig. 1B) . After automatic adaptation by the bionic pancreas, the mean glucose level on continuous monitoring was significantly lower on days 2 through 5 than on day 1 (142±12 vs. 169±31 mg per deciliter [7.9±0.7 vs. 9.4±1.7 mmol per liter], P<0.001) (Fig. 2C) ; there was no significant difference during the control period (P = 0.72).
On days 2 through 5 of the bionic-pancreas period, as compared with the control period, the mean glucose level on continuous monitoring was lower (142±12 vs. 158±27 mg per deciliter [7.9±0.7 vs. 8.8±1.5 mmol per liter], P = 0.004) and the percentage of time with a glucose level between 70 and 180 mg per deciliter was higher (75.9±7.9% vs. 64.5±14.1%, P<0.001); the percentage of time with a glucose level below 70 mg per deciliter was similar (3.1% and 4.9%, respectively; P = 0.05), as was the percentage of time with a glucose level below 60 mg per deciliter (1.3% and 2.2%, respectively; P = 0.19) ( Table 2) . During the overnight period, there were more pronounced differences between the bionicpancreas period and the control period in the mean glucose level on continuous monitoring (124±11 vs. 157±36 mg per deciliter [6.9±0.6 vs.
8.7±2.0 mmol per liter], P<0.001) and the time with a glucose level between 70 and 180 mg per deciliter (86.9±8.1% vs. 66.7±19.9%, P<0.001), but there was no significant between-period difference in the time with a glucose level below 70 mg per deciliter (2.6% and 4.0%, respectively; P = 0.16) ( Table 2 and Fig. 2D) .
The American Diabetes Association therapeutic goal for glycemic control in adolescents is a glycated hemoglobin level of 7.5%, 29 which corresponds to a mean glucose level of 168 mg per deciliter (9.3 mmol per liter). 32 The mean glucose level on continuous monitoring was below this threshold in 31 of 32 patients during days 2 through 5 of the bionic-pancreas period, as compared with 23 of 32 patients during the control period ( Fig. 3B and 4C ).
Insulin and Glucagon Doses and Other Outcomes
The mean total daily dose of insulin during the bionic-pancreas period was 0.82±0.16 units per kilogram per day (range, 0.41 to 1.13) and was similar to the mean dose during the control period (0.79±0.17 units per kilogram per day, P = 0.27) (Fig. 4D) . Also similar were the mean daily values for carbohydrate consumption (247±79 and 264±69 g per day, respectively; P = 0.08). The mean percentage of insulin given as an automated, adaptive, meal-priming bolus was 26% of the daily total and 41% of the nonbasal insulin on days 2 through 5. The mean total daily dose of glucagon on days 2 through 5 of the bionic-pancreas period was 0.72±0.26 mg (range, 0.22 to 1.34).
Data on exercise by individual patients were not collected, but the level of activity was very high in the camp environment. During the control period, 9% of patients used their own unmasked continuous glucose monitor.
Adverse Events
Among the adults, there were no severe hypoglycemic events. During the bionic-pancreas period, nausea with and without vomiting each occurred once within 2 hours after the last glucagon dose; the vomiting occurred immediately after removal of the intravenous catheter. Three insulin infusion sets and one glucagon infusion set were removed because of pain or inflammation during the bionic-pancreas period (see the Adverse Events section in the Supplementary Appendix).
Among the adolescents, there were no epi- 
Performance of Bionic Pancreas Components and Technical Failures
Among the adults, the mean of the absolute value of the relative difference between glucose levels on continuous monitoring and plasma glucose levels during the bionic-pancreas period was 16.7±5.1% (range, 11.5 to 28.9). Sensor accuracy could not be calculated in the adolescent study because the timing of most plasma glucose measurements was inexact (e.g., "before lunch"). The percentages of time that the insulin and glucagon pumps lost wireless connectivity to the bionic pancreas were 3.5±2.7% and 4.1±2.3%, respectively, among the adults, and 7.0±2.7% and 7.8±2.3%, respectively, among the adolescents. Interruptions were intermittent, reconnection was usually spontaneous, without the need for intervention, and infusions resumed automatically. All data were included in calculations of outcomes, regardless of technical failures.
Discussion
We tested a bihormonal bionic pancreas under conditions that simulated real-world outpatient settings with close monitoring for safety in both adults and adolescents. Meals and physical activity were not regulated, in contrast with previous studies. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] 33 In the two studies, the bionic pancreas reduced mean levels of plasma glucose and blood glucose on continuous glucose monitoring, as compared with insulin-pump therapy, even though approximately 75% of the patients had better glycemic control at baseline than national averages, as reported by the T1D (Type 1 Diabetes) Exchange Clinic Registry. 5, 6 Among the adolescents, the diabetes care during the control period led to better mean glycemic control than the patients had at home on the basis of their glycated hemoglobin levels at screening. In contrast, the adults received therapy for glycemic control in their usual home and work environments during the control period, so their mean glycemic control during that period was consistent with their baseline glycated hemoglobin levels. Among the adults, the bionic pancreas, as compared with their usual care, reduced the time that glucose levels were below 60 mg per deciliter by 67% (by 94% during the overnight period). Among the adolescents, the extremely close monitoring and rapid intervention for hypoglycemia in the camp setting may explain the lack of a significant between-group difference in the number of hypoglycemic episodes. However, there was a reduction of more than 50% in the amount of carbohydrates given to treat hypoglycemia. The design of the two studies called for the patients to announce meals to the bionic pancreas through the user interface, although those 18 years of age or older were not reminded if they forgot. Only rough estimates of meal size were provided, eliminating carbohydrate counting and reducing the burden on patients. Less than 30% of the insulin that was delivered in the bionic-pancreas group was in response to meal announcements. In our previous inpatient study, omitting meal announcements increased the mean plasma glucose level by 13 mg per deciliter (0.7 mmol per liter) and did not affect the incidence of hypoglycemia. 25 Omission of meal boluses during usual care has more severe consequences for glycemic control. 34, 35 Our studies had several limitations. Adult patients were limited to moderate alcohol intake; higher alcohol intake might compromise the effectiveness of glucagon. Given the close monitoring by study staff throughout the adolescent study and during the bionic-pancreas period of the adult study, carbohydrate interventions for hypoglycemia may have been given more frequently or earlier than they would have been without supervision. There were intermittent problems with wireless connectivity that caused isolated missed doses of insulin and glucagon by the bionic pancreas; these missed doses may have led to hypoglycemia that could otherwise have been prevented. We did not collect data on nausea during the control period, so we do not know whether the use of glucagon increased its occurrence. Limitations of the bionic pancreas include a risk of hypoglycemia if acetaminophen ingestion leads to overestimation of the blood glucose level. As the bionic pancreas improved glycemic control, it delivered more insulin to adult patients who had poor control during the period of usual care. (This was not the case among adults with good glycemic control during usual care or among adolescents.) The balance of risks and benefits associated with delivering more insulin to achieve more physiologic glycemic control will require further study. Finally, the long-term safety of peripheral microdose glucagon administration has not been established. In our previous studies, mean plasma glucagon levels remained in the normal fasting range most of the time, 17, 23, 25 and levels of glucagon are lower than normal in people with type 1 diabetes in the late postprandial period and during exercise 36 ; however, longer-term studies will be necessary to address this issue.
Currently available rapid-acting insulin analogues still have relatively slow absorption after subcutaneous injection, and the poor stability of currently available glucagon formations necessitated daily replacement of the glucagon in the pump with freshly reconstituted material. Since a single device that integrates all the components of a bionic pancreas is not yet available, we had to rely on wireless connectivity to the insulin and glucagon pumps, which was not completely reliable. Despite these challenges associated with currently available technologies, the use of the bihormonal bionic pancreas in our two short-term studies resulted in better glycemic control than is possible with the current standard of care.
